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Introduction 31
Transition metal oxides represent a very attracting class of materials because of the wide range of 32 physical and chemical properties that they exhibit. Among these oxide compounds, tungsten oxide 33 thin films have been extensively investigated due to their important applications as active layers for 34 electrochromic window devices [1] [2] [3] [4] , sensors for toxic gases [5] [6] [7] [8] , optical coatings with high 35 refractive index [9, 10] or transparent and low resistive oxide materials [11, 12] . It is well known 36 that many chemical and physical characteristics of metal oxide thin films are strongly connected to 37 their chemical composition, especially the oxygen-to-metallic concentrations ratio, which can be 38 tuned in order to get a metallic, semi-conducting or insulating behaviour according to the metalloid 39 content in the film [13] [14] [15] [16] . However, playing with the chemical composition is not the only 40 approach to tune the properties of metal oxide thin films. The structure at the sub-micrometric scale 41 can also influence the film performances for many applications [17] . So, the design and the growth 42 control of nanostructures in thin layers appear as important issues, e.g. in order to control the optical 43 properties by playing on structural features. To this aim, various strategies have been proposed for 44 the structuration of thin films [18] .
45
In the last decade, the interest of nanostructuration by evaporation and/or sputtering techniques was 46 particularly boosted by the GLancing Angle Deposition (GLAD) method [19] . This method is based on the preparation of thin films on fixed or mobile substrate, with an oblique incidence of the 48 incoming particle flux. Indeed, when the atomic vapour flow comes up at a non normal incident 49 angle α, the nucleation sites intercept the flow of particles. This creates a shadowing effect and 50 there is a tilted grain growth of columnar shape leading to inclined columnar structures with an 51 angle β with respect to the normal of the substrate surface. Nature, crystallography, temperature and 52 surface conditions of the substrate, energy and interactions of the condensed particles with the 53 substrate, among other parameters, have a decisive role in the growth mode of the coating. As a 54 result, the GLAD technique can control the structure of thin films at the micro-and nanoscales. figure 1 . It is worth of noting that the top of the columns has a rather sharp appearance (Fig. 1a) direction and perpendicular to the particle flux ( Fig. 1a and 1c ).
118
Inspection of the cross-sectional view ensures that the GLAD WO 3 films are composed of slanted 119 columns and inter-columnar voids ( Fig. 1b and 1d ). The columns are inclined towards the direction 120 of the incoming vapour flux. The column angle , defined as the angle between the substrate surface 121 normal and the long axis of the slanted columns, is measured from the cross-section SEM images.
122
For incident angle α lower than 50°, the column angle can not be accurately determined since no where column angles are often lower than those calculated with various ballistic rules [37, 38] .
free path of the sputtered particles and thus, reduces the shadowing effect. As a result, the 136 theoretical column inclinations predicted by the simple tangent rule is systematically overestimated.
137
Since tungsten oxide thin films have been deposited at room temperature (substrate temperature is 138 lower than 0.3 times the melting point of WO 3 compound), one could expect a poorly crystallized 139 material. However, XRD analyses exhibit diffracted signals (Fig. 2) . Peaks corresponding to the 140 WO 3 monoclinic structure are clearly identified for incident angles included between α = 0 and 80°. growth and as the incident angle α increases, the formed islands start collecting more adatoms.
155
They will grow faster and tend to capture more incoming vapour flux, reinforcing the growth of index as a function of the incident angle α (Fig. 6) . Refractive index and porosity exhibit a reverse 217 evolution as the incident angle α rises. WO 3 films deposited by conventional incidence (α = 0°)
218
show the highest refractive index with n 589 = 2.18 and thus, the lowest porosity with π lower than 
225
It is also worth of noting that refractive index and porosity are nearly constant up to an incident 226 angle of 50°. Index rapidly drops from n 589 = 2.14 down to 1.78 when α changes from 50 to 80° 227 whereas the porous structure is enhanced and π reaches 45 % for α = 80°. It is mainly attributed to 228 the shadowing effect, which prevails on the surface diffusion of adatoms increasing the deposition prepared from standard oblique deposition, the highly porous structure obtained for the highest versus hν plot for WO 3 films prepared with different incident angles (Fig. 8) . Without inclining the 271 particle flux (α = 0°), the optical band gap E g is 3.11 eV. It is higher than that of the WO 3 bulk increase of growth and structural defects, which are favoured for high incident angles. Thus, this 281 decrease of the optical band gap for incident angles higher than 60° could be interpreted as being 282 due to more defects in the film, creating more impurity states in the band gap.
283
It is also worth of noting that these structural defects and the short range order both facilitate the to the optical band gap E g as a function of the incident angle α (Fig. 9 ). An increase of the Urbach
292
energy from E u = 74 up to 141 meV corresponds to the decrease in the optical band gap from E g = -3 up to α = 60° then became higher than 4.27×10
-3 for the highest incident angles.
319
Variations of the optical behaviours were correlated to the highly porous structure. Voids separating 320 the oriented columns become more significant for incident angles higher than α = 60° because of Refractive index n 589 at = 589 nm and porosity π of WO 3 thin films versus incident angle α.
442
Porosity was determined from the packing density based on the Bruggemann effective medium 
